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(57) Abstract: Methods and apparatus are provided for tuning out time constant deviations of a network (414) due to process,
voltage, and temperature variations. The apparatus (400) 5 comprises a clock reference (404) from which a digital time constant is
& correlated to the nominal time constant of the network (414). The correlated digital time constant is applied to the network (414), and
& the output charge/discharge waveform swing is compared to a predetermined reference voltage. If the charge/discharge waveform
swing does not match the reference voltage, an offset signal is generated. The offset signal is applied to a control circuit (402)
that generates a corresponding tuning signal. The tuning signal is applied to the network (414) to adjust the internal components
incrementally until a match is achieved. The apparatus (400) can be configured as a built-in self -test digital time constant tracking
circuit, and can be integrated with the network (414) on an IC chip.
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A DIGITAL TIME CONSTANT TRACKING TECHNIQUE AND APPARATUS

Technical Field

[0001] The present invention generally relates to tuning networks, and more particularly

relates to tuning out time constant variations of high precision networks.

Background

[0002] Networks incorporating resistor-capacitor (RC) configurations are widely used in
integrated circuit (IC) applications such as filters, phase-locked loops, frequency-based
current references, and others. In general, the time constant of an RC-configured network is a
determining factor in the performance of the network and its related circuitry. For example,
the time delay and bandwidth of an RC-configured network are directly affected by its time
constant. Therefore, any deviations in the specified time constant of such a network may
adversely affect its functional parameters as well as those of its associated circuitry. The
stability of a network time constant can be of particular importance when a relatively high
level of precision performance is desired. However, time constant deviations in the
approximate range of 20% to 25% can occur for a number of reasons, such as inconsistencies
in IC manufacturing processes, IC supply voltage variations, environmental temperature

changes, and the like.

[0003] Various tuning schemes have been employed to compensate for typical time

constant deviations in IC applications. These tuning schemes have included the use of active
elements and/or circuits within the network configuration that can be adjusted (tuned) to
correct for detected variations in time constant values. Other types of tuning schemes have
been based on the use of external networks that mimic the time constant of the actual network
and provide a corrective reference for variations in the actual network. However, tuning
schemes such as these typically require the use of external analog voltages, and also generally
involve a relatively high part count in the external tuning and calibration circuitry. As such,
the attainable tuning accuracy of a network is generally limited by the complexity of the

external tuning and calibration circuitry.
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[0004] Accordingly, it is desirable to provide a built-in (on-chip) self-test capability for
automatically compensating RC time constant deviations that may be caused by factors such
as fabrication processes, supply voltage variations, temperature changes, and the like. In
addition, it is desirable to provide a built-in automatic tuning capability with relatively high
precision that does not require external circuitry. Furthermore, other desirable features and
characteristics of the present invention will become apparent from the subsequent detailed
description and the appended claims, taken in conjunction with the accompanying drawings

and the foregoing technical field and background.

Brief Description Of The Drawings

[0005] The present invention will hereinafter be described in conjunction with the

following drawing figures, wherein like numerals denote like elements, and

[0006] FIG. 1 includes a schematic (1a) of a simplified RC filter network, a diagram (1b) of
a typical RC charge/discharge waveform, and a graph (1c) of a typical RC filter bandwidth;

[0007] FIG. 2 is a timing diagram of an exemplary embodiment of a digital time constant;

[0008] FIG. 3 is a timing diagram of an exemplary embodiment of a digital time constant

tracking process;

[0009] FIG. 4 is a block diagram of an exemplary embodiment of a digital time constant

tracking circuit;
[0010] FIG. 5 is a schematic of an exemplary single-ended tunable RC network; and

[0011] FIG. 6 is a flow diagram of an exemplary embodiment of a digital time constant

tracking process;
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Detailed Description

[0012] The following detailed description is merely exemplary in nature and is not intended
to limit the invention or the application and uses of the invention. Furthermore, there is no
intention to be bound by any expressed or implied theory presented in the preceding technical

field, background, brief summary or the following detailed description.

[0013] Various embodiments of the present invention pertain to the area of tuning out
deviations in the time constant of RC-configured networks such as filters. A digital time
constant is derived from a clock reference standard and is correlated with the desired
(nominal) time constant of the network. The digital time constant is applied to the network
and the resulting output voltage waveform swing is compared to a reference voltage
representing the appropriate value for the nominal time constant. If the output voltage
waveform swing does not match the reference voltage, components within the network are
adjusted to compensate for the discrepancy. The above described test and calibration
elements can be configured as a built-in self-test circuit that can be integrated directly (e.g.,

on a chip) with the network.

[0014] A basic RC filter network 100 is shown in FIG. 1(a). In this configuration, network
100 could typically function as a low-pass filter or as an integrator circuit. FIG. 1(b)
illustrates typical waveforms for an input voltage Vi, and a resulting output waveform V.
Poipt d on the output waveform V. represents a value of approximately 63% of the
maximum level of Vj, for an initially discharged network. The time elapsed (t;) for output
waveform V,: to reach point d is generally designated as the RC time constant of network
100, and is equal to the product of R and C. In FIG. 1(c), point e typically represents the 3db
frequency response of network 100. That is, the gain at point e is approximately 70% of
unity, and the corresponding power output is approximately 50% of unity. The 3db
frequency (fco) corresponding to point e is typically designated as the upper cut-off frequency

for a low-pass filter application, and is equal to the reciprocal of 2aRC.

[0015] As indicated in the FIG. 1 examples, the RC time constant directly affects certain
characteristics of a network, such as the voltage vs. time relationship and the frequency
response. Therefore, the proper functioning of an RC network is largely dependent on the
stability of the values of its R and C components. In the case of a high precision RC network

application, the stability of the R and C componenfs is especially important. As previously
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noted, IC manufacturing processes can produce deviations in the specified values of R and C
components, and variations in supply voltages and environmental temperature can also
adversely affect R and C stability. To compensate for RC deviations such as these, corrective
action can be taken to adjust the RC time constant of a network to maintain its specified

(nominal) value.

[0016] According to an exemplary embodiment of a method and apparatus for stabilizing
the RC value of a network, a digital time constant is derived from a precision frequency
standard such as a crystal oscillator. The digital time constant is correlated with the time
constant of the network to be stabilized, and the network response to the digital time constant
is compared to a predetermined reference. Deviations from the reference cause changes to be

made in the network components such that the nominal RC time constant is maintained.

[0017] To derive the digital time constant in this exemplary embodiment, a frequency
standard clock is divided by a factor n to achieve a pulse width that is correlated to the charge
time of the network. For example, the pulse duration t, of a 50% duty cycle clock signal f.

divided by n can be described as:
tp = (1/2) n/fox Equation (1)

[0018] For an exemplary RC network that has been initially charged, the charge time t, can

be expressed as :
ten=RCIn(Vaqa— V1)/(Vaa—- V2)  Equation (2)
where Vyq is the supply voltage;
V1is the low value of the charging waveform; and

V3 is the high value of the charging waveform.

[0019] To correlate the digital time constant with the charge time of the network, the digital
time constant t, of Equation (1) can be set equal to the charge time tg of Equation (2) as

follows:

(1/2) n/fox = RC In{(Vaa ~ V1)/(Vaa - V2)}  Equation (3)

-4-
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[0020] For this exemplary embodiment, assume that V; = 1/8 Vgaq and that V, = 7/8 V.

Equation (3) can then be rewritten as:
/2 foe = RC In (7Vaa/1Vaq) Equation (4)
oras: 172RC={foIn(7)}/n Equation (5)

[0021] To solve for the frequency divider n in terms of the network output voltage

frequency foys, the two sides of Equation (5) can be divided by pi (x), as follows:
fovs = 1/2aRC = {foi In (7)}/nm Equation (6)

and Equation (6) can be rewritten to solve for n in terms of foys :
n= {foxIn (D} fors Equation (7)

[0022] The relationships derived above for clock frequency fo, digital time constant (DTC)
tp, and charge time t., are illustrated in the timing diagram of FIG. 2. A clock signal 202 (fx)
is shown in this example to be divided by an n factor of 4 in order to generate a DTC pulse
204. With clock signal 202 applied to an exemplary network (not shown), the resultant
waveform, as represented by curve 206, reaches a peak value at a charge time tg, that is
essentially equal to the width of DTC pulse 204, and the network output voltage swing is
indicated as (V, — Vi). Therefore, for a given network configuration, the desired nominal
component values determining the network time constant (e.g., R and C) will typically
provide the “ideal” response relationships as depicted in FIG. 2. If there are deviations in the
network components, however, the resulting changes in time constant will generally alter the

desired relationships of FIG. 2.

[0023] In order to compensate for network time constant variations, an exemplary
embodiment of a “tuning” arrangement measures the output voltage swing of an adjustable
network and compares it to a predetermined reference voltage. If there is a mismatch, a logic
command is generated that changes the network time constant until a match is achieved. This
exemplary process is illustrated in the timing diagram of FIG. 3, which carries over the clock
reference 202 and digital time constant 204 from FIG. 2. In FIG. 3, however, it is assumed
that a network component (e.g., a capacitor array) has increased from its nominal value, and

is causing the network to charge at a slower rate than desired (curve 206 (a)). As such, output

-5-



10

15

20

25

30

WO 2006/104671 PCT/US2006/008741

Voltagé swing V, does not match reference voltage Vi, and no match signal is generated.

For clarity, V¢ in this example represents output voltage swing (V; — Vi) in FIG. 2.

[0024] In the absence of a match signal, a logic command 302 is generated that switches

- out (decreases) a predetermined amount of the capacitor array in the network. The resulting

faster charge rate (curve 206 (b)) achieves an increased output voltage swing Vy, but, in this
example, the increased voltage swing V, still does not match reference voltage Vier.
Therefore, another logic command 304 is generated to decrease the capacitor array by another
predetermined step. In this example, the resulting charge curve 206 (c) does achieve an
output voltage swing V. that matches reference voltage V., thereby generating an output 306

that enables a logic command 308 to stop the tuning process.

[0025] An exemplary embodiment of a digital time constant (DTC) tracking system 400
that is configured to implement the tuning process depicted in FIG. 3 is shown in block
diagram form in FIG. 4. In this embodiment, a control circuit 402 includes a clock reference
module 404, a clock divider module 406, a logic command module 408, a latch module 410,
and a processor 412. The algorithms that enable the proper functioning of control circuit 402
are typically implemented by processor 412, which may be any type of microprocessor,
micro-controller, or other computing device capable of executing instructions in any
computing language. An adjustable (tunable) network 414 is connected between control
circuit 402 and a comparator 416. Network 414 is typically configured with a capacitor array
and/or a resistor array that can be “tuned” by switching array elements in or out. Comparator
416 is typically configured with a reference voltage input (Vi) and a clock reference input
(fow), in addition to receiving an output voltage swing signal (Vo) from network 414.
Reference voltage input Vi is typically derived from a precision resistance ladder 418
connected across a supply voltage (not shown). Clock reference input foy is typically

supplied by clock reference module 404.

[0026] Clock reference module 404 can be implemented by any suitable frequency standard
such as a crystal oscillator clock circuit in order to maintain a relatively high level of
accuracy in the derivation of the digital time constant. While the simplified diagrams of
FIGs. 2 and 3 show a divider n equal to 4 for the purpose of illustrating the relationship
between a clock signal f and a DTC, a more realistic value of n might be in the approximate

range of 100 to 200, thus offering the combined benefits of high accuracy and high
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resolution. For example, a filter network operating at 250 kHz might be calibrated by a

digital time constant derived from a 30 MHz clock reference with a divider n value of 120.

[0027] A typical configuration for adjustable network 414 includes a combination of
resistor and capacitor elements such as those illustrated in FIG. 5. In this exemplary
embodiment of an RC filter 414, a resistor 502 is shown as a simplified representation of any
type of resistance configuration, such as a switched array or other resistor combination, in
series with a capacitor array 504. For clarity in this example, only capacitor array 504 is
shown in a tunable configuration, whereas tunable resistor arrays and/or tunable capacitor

arrays may be used, depending on the dictates of the application.

[0028] In the exemplary embodiment of FIG. 5, capacitor array 504 is connected to resistor
502 in a typical low pass filter configuration. Capacitor array 504 may be configured in any
suitable arrangement to enable the overall capacitance value to be adjusted incrementally. In
this exemplary embodiment, array capacitors 504a, 504b, 504c, 504d, 504e, 504f are
connected to the circuit through programmable switches 506, 508, 510, 512, 514, 516,
respectively, so that they may be individually switched in or out. The values of
programmable array capacitors 504a through 504f are generally selected to provide a
relatively wide bandwidth excursion (e.g., in the ai)proximate range of +/- 30% or more),
while maintaining relatively narrow incremental steps (e.g., in the approximate range of +/-
3% to +/- 6%). As noted above, this exemplary arrangement is merely one of many possible
configurations that may be used for tuning a capacitor array (or a similarly configured resistor

array) in accordance with the disclosed digital time constant tracking scheme.

[0029] A typical operational sequence of an exemplary digital time constant tracking
process, as illustrated in FIGs. 3-5, can be more fully described in conjunction with the flow
diagram 600 of FIG. 6. In step 602, a value for n is entered into clock divider module 406.
In step 604, control circuit 402 is activated to initialize digital time constant tracking circuit
400 (FIG. 4) prior to calibrating RC network 414. In step 606, a digital time constant (DTC)
is typically derived by dividing the clock reference fox (module 404) by n, as illustrated by
waveforms 202 and 204 in FIG. 3. In step 608, capacitor array 504 (FIG. 5) is set to
maximum value by programming commands from processor 412 to switches 506, 508, 510,
512, 514, 516 to connect array capacitors 504a through 504f into the RC network. As such, ‘

the total array capacitance is configured to be greater than the desired nominal capacitance

-7-
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value, so that the tuning process can be unidirectional; that is, the reduction of capacitance

incrementally by removing individual array capacitors until the desired value is reached.

[0030] In step 610, the DTC signal is applied to RC network 414, and the resulting output
voltage swing (Vo) is applied to an input of comparator 416 (FIG. 4). In step 612, output
voltage swing (Voys) is compared to reference voltage (Vi) at the clock reference (fyy) rate,
to determine if a match has been achieved. Latch module 410 (FIG. 4) is generally
configured to synchronize the timing of the DTC signal applied to RC network 414 with the
discrete comparison measurements made by comparator 416. Latch module 410 is typically
also configured to equalize the supply voltage for the DTC signal and the reference voltage
(Veep)-

[0031] With the total value of capacitor array 504 (FIG. 5) connected to RC network 414,
the output voltage swing (Voys) of RC network 414 is typically represented by charging
waveform 206(a) in FIG. 3, which peaks at a level V, that is less than Vs In step 614,
comparator 416 outputs a “no” signal to control circuit 402, indicating that a match has not
been achieved. In step 616, control circuit 402 enables logic command module 408 to output
a switching signal (302 in FIG. 3) that, for example, opens switch 506 (FIG. 5) to
incrementally reduce the total capacitance of capacitor array 504. In the next cycle, the
subsequent output voltage swing (Vo) reaches a level Vi, as represented by charging
waveform 206b in FIG. 3. Since Vy is still less than Vi, comparator 416 again outputs a
“no” signal (step 614), and logic command module 408 outputs a second switching signal
(304) in step 616. Switching signal 304, for example, causes switch 508 (FIG. 5) to open,
further reducing the capacitance of array 504 by the value of capacitor 504b. As a result, the
next output voltage swing (Voys) reaches a level V,, as indicated by charging waveform 206(c)
in FIG. 3. Since V; is essentially equal to (or slightly greater than) Vi, comparator 416
outputs a “yes” signal (306 in FIG. 3) in step 614, and the calibration process ends via a
control circuit 402 stop signal 308, as indicated in FIG. 3.

[0032] It will be appreciated that the exemplary digital time constant tracking process

described herein can apply to a differential network as well as to a single-ended network such

as RC network 414. In the case of a network receiving a differential DTC input, for example,

the associated comparator would typically be configured with corresponding differential

reference voltages. Referring back to the diagrams in FIG. 2, the curve 206 can be

considered as the output voltage swing of a differentially configured network, while voltage
-8-
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levels V; and V; can represent the corresponding differential reference voltages. It will also
be appreciated that the exemplary digital time constant tracking process described herein can
apply to any type of time constant-dependent circuit, such as a network having any

combination of R, L and/or C components.

[0033] An exemplary digital time constant tracking circuit as described herein can be
configured as a self-contained built-in test and calibration system on an IC chip, for example.
As such, the DTC tracking circuit can be used not only to tune/retune networks at any time,
but can also be configured to compute corresponding variations in environmental factors such
as temperature and supply voltage. Moreover, the DTC tracking circuit can be configured to
monitor trends in resistor, capacitor, etc. behavior that could signal approaching end-of-life

characteristics.

[0034] Accordingly, the shortcomings of the prior art have been overcome by providing an
improved time constant tuning process that does not require the use of external voltages or
references. A built-in self-test calibration system derives a precise digital time constant from
a clock frequency standard. The digital time constant is correlated with the nominal/desired
time constant of a tunable network to be calibrated. The correlated digital time constant is
applied to the tunable network and the resulting output voltage swing is compared to a
reference voltage representing the nominal time constant characteristic of the tunable
network. If the output voltage swing does not match the reference voltage, the tunable

network components are adjusted incrementally until a match is achieved.

[0035] The tunable network is typically configured with at least resistor and/or capacitor
arrays that can be adjusted incrementally by logic command signals. The clock frequency
standard is typically configured as a crystal oscillator, while the reference voltage is typically
derived from a precision resistor ladder. The comparison of output voltage swing and
reference voltage is typically implemented in a comparator that is synchronized to the clock
frequency standard. The comparator is configured to output a tune signal in the absence of a
match and to output a stop signal when a match is achieved. A control circuit is typically
configured to receive the output signals from the comparator and to generate logic commands
to implement or to stop the tuning adjustment of the network. The tunable network may be
single-ended or differential, and may be comprised of resistive, capacitive, and/or inductive
components. The tunable network may be configured as a filter or any other type of network
whose function is generally related to the network time constant. The disclosed built-in self-

-9.
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test calibration system can be configured to tune/retune the tunable network at any time, to
compute corresponding variations in environmental factors, and to monitor trends in

component behavior for end-of-life indications.

[0036] While at least one exemplary embodiment has been presented in the foregoing
detailed description, it should be appreciated that a vast number of variations exist. It should
also be appreciated that the exemplary embodiment or exemplary embodiments are only
examples, and are not intended to limit the scope, applicability, or configuration of the
invention in any way. Rather, the foregoing detailed description will provide those skilled in
the art with a convenient road map for implementing the exemplary embodiment or
exemplary embodiments. It should be understood that various changes can be made in the
function and arrangement of elements without departing from the scope of the invention as

set forth in the appended claims and the legal equivalents thereof.

-10-
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CLAIMS
What is claimed is:

1. A method of tuning out time constant variations in a network, comprising the

steps of:

deriving a digital time constant pulse having a width correlated to the nominal

time constant of the network;

processing the digital time constant pulse through the network and measuring

the output voltage waveform of the network;

comparing the voltage swing of the output voltage waveform to a

predetermined reference voltage during each digital time constant pulse time period;

generating a tune signal when the voltage swing of the output voltage
waveform does not equal or exceed the level of the predetermined reference voltage, and
generating a stop signal when the voltage swing of the output voltage waveform does equal

or exceed the level of the predetermined reference voltage;

converting the tune signal into a compensation signal for adjusting the time

constant of the network; and

adjusting the time constant of the network with the compensation signal so
that the voltage swing of the output voltage waveform is substantially equal to the

predetermined reference voltage.
2. The method of claim 1 wherein the network is single-ended or differential.

3. The method of claim 1 wherein the network comprises resistive, capacitive,

and inductive components.

4, A digital time constant tracking circuit for tuning out time constant variations

of a resistor-capacitor (RC) network, comprising:

a clock reference standard configured to generate digital time constant pulses

having a pulse width correlated to the nominal time constant of the RC network;

-11-
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a resistor array and a capacitor array within the RC network configured to
receive the digital time constant pulses from the clock reference standard and to
output a charge/discharge waveform in time synchronism with the received digital

time constant pulses;

a comparator configured to receive the charge/discharge waveform from the
RC network at a first input, and to receive a predetermined reference voltage at a second
input, and to generate a tune signal when the voltage swing of the charge/discharge waveform
does not equal or exceed the level of the predetermined reference voltage, and to generate a
stop signal when the voltage swing of the charge/discharge waveform does equal or exceed

the level of the predetermined reference voltage; and

a control circuit configured to receive the tune and stop signals from the
comparator, and to generate an output tuning signal corresponding to a received tune signal,
wherein the output tuning signal is applied to the resistor and capacitor arrays in the RC
network to adjust the time constant of the RC network so that the voltage swing of the

charge/discharge waveform is substantially equal to the predetermined reference voltage.

5.  The digital time constant tracking circuit of claim 4 wherein the clock

reference standard is a crystal oscillator.

6. The digital time constant tracking circuit of claim 4 wherein the predetermined

reference voltage is derived from a precision resistor ladder.

7.  The digital time constant tracking circuit of claim 4 wherein the digital time

constant tracking circuit is configured as a built-in self-test system.

8.  The digital time constant tracking circuit of claim 4 wherein the comparator is
configured to receive the clock reference standard at a third input, and to generate a tune or a

stop signal at a rate synchronized to the frequency of the clock reference standard.

9.  The digital time constant tracking circuit of claim 4 wherein the RC network is

single-ended or differential.

10.  The digital time constant tracking circuit of claim 7 wherein the RC network

is configurable to be tuned at any time.

-12-



10

15

20

25

WO 2006/104671 PCT/US2006/008741

11.  The digital time constant tracking circuit of claim 10 wherein variations in

environmental factors corresponding to the RC network tuning changes are computed.

12. The digital time constant tracking circuit of claim 11 wherein trends in

component behavior of the RC network are monitored.

13. A digital time constant tracking circuit for stabilizing the time constant and

corresponding bandwidth of a filter network, comprising:

a clock reference standard configured to generate digital time constant pulses

having a pulse width correlated to the nominal time constant of the filter network;

a component array within the filter network configured to receive the digital
time constant pulses from the clock reference standard and to generate an output

voltage waveform in time synchronism with the received digital time constant pulses;

a comparator configured to receive the output voltage waveform from the
filter network at a first input, and to receive a predetermined reference voltage at a second
input, and to generate a tune signal when the voltage swing of the output voltage waveform
does not equal or exceed the level of the predetermined reference voltage, and to generate a
stop signal when the voltage swing of the output voltage waveform does equal or exceed the

level of the predetermined reference voltage; and

a control circuit configured to receive the tune and stop signals from the
comparator, and to generate an output tuning signal corresponding to a received tune signal,
wherein the output tuning signal is applied to the component array in the filter network to
adjust the time constant of the filter network so that the voltage swing of the output voltage
waveform is substantially equal to the predétennined reference voltage, thereby stabilizing

the time constant and the corresponding bandwidth of the filter network.

14. The digital time constant tracking circuit of claim 13 wherein the clock

reference standard is a crystal oscillator.

15. The digital time constant tracking circuit of claim 13 wherein the

predetermined reference voltage is derived from a precision resistor ladder.

-13-
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16. The digital time constant tracking circuit of claim 13 wherein the digital time

constant tracking circuit is configured as a built-in self-test system.

17. The digital time constant tracking circuit of claim 13 wherein the comparator
is configured to receive the clock reference standard at a third input and to generate a tune or

5 astop signal at a rate synchronized to the frequency of the clock reference standard.

18. The digital time constant tracking circuit of claim 13 wherein the filter

network is single-ended or differential.

19. The digital time constant tracking circuit of claim 13 wherein the filter

network comprises resistive, capacitive, and inductive components.

10 20. The digital time constant tracking circuit of claim 16 wherein variations in

environmental factors corresponding to the filter network tuning changes are computed.

15
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